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IstopvCTION

Borreline pathogenie (o man are the cansative
agenls of relapsing fever and its varictics known
as tiek fever, gharib gez (Iran), earapata (Af-
rica), kimputu, gorgova  (Seuth  Amerien),
bilious 1yphoid, fow]l nest fever (China), and
vagabomwl fever (Spain),

The relapsing fevers may be divided into: (i)
lenise-borne, which is uenally epidemie, and (i)
tick-borne, which is mostly endemie. Exceptions,
however, oeeur; eg.. in Abyesinia, Pers, and
China, the lonse-borne type beeame etdemie.

Hutnan Borrelia infertione are or were seen all
wver the workl, exeept in Anstralia, New Zealawel,
aned Oceania, Only one imported enee wine pe.
eordded in that ares (159,

The appeatamr of lotee boriwe Jior lin .

e

fections i« wsually connected  with  erowding,
poor honsing, undernourishment, Jack of clean-
linewe, and little change of clothing, a« is the e
during disasters like war, fire, earthquake, flood,
and famine.

Europe, Asia, and Africa sufferey] from exten-
sive lonse-borne Borrelin infections which origi-
nated wear Fezzan during and  shortly  after
World War | and World War 1.

Tick-bornwe Borrelin infeetions remain mostly
restricted to the vicinity in which Ornithoierns
fivee amed dos ot spreael further than the infeeted
artheope] hodt e moving, The rontacte of the
ticks with man are few: thus, the human infee-
tion rate i Jow, Sines inhalatante of arens where
tieke arve prevalent may have aequinsd o certain
degree of  bminity during clablhienl, it e
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chiefly the outsider who becomes ill in such places.
Usually soldiers, hunters, field workers, and
tourists are the victims of tick-borne relapsing
fever. Sometimes the tick vector is associated
with domestic animals, like sheep in the Kashmir
(169), creating a hazard to their tenders, or with
fowl kept in living huts, as in East Africa (284).

It is the purpose of this contribution to review
critically current information on borreliae, their
relationship to insect vectors, the pathology of
experimental infection, and the immunology and
laboratory diagnosis of human relansing fever.

TAXONOMY

The genus Borrelia Swellengrebel 1907 belongs
in the family Treponemataceae Robinson 1948
of the order Spirochaetales Buchanan 1918,
As a result of numerous considerations, the hu-
man-pathogenic members of this genus were
(and still are) often designated by different names,
such as  Spirillum, Spirochaeta, Spirocheta,
Spirochaete, Spironema, Treponema, Prolomy-
cetum, and others. Practical differentiation of the
organisms belonging in the family Treponema-
taceae was suggested by Davis (95) and Hindle
(157, 158, 159).

The classification of the strains within the
genus Borrelia is greatly hampered by their
immunological mutations in the host during the
bouts of relapsing fever (175), and also under
the influence of other environmental factors
(136), including the seasons (31). Because of the
close relationship of arthropod species to specific
Borrelia strains, the “one vector-one species” con-
cept has been developed, and numerous authors
(93, 96, 160, 167, 280) have strongly advocated
the naming of borreliae according to their
vectors. Since louse-borne strains differ from
tick-borne strains not only epidemiologically but
also in animal experiments, the presently used
separation of louse-horne and tick-borne re-
lapsing fever has been maintained throughout
this report.

Table 1 enumerates the relapsing-fever Bor-
relia strains well defined at present, together with
their tick hosts. Borreliae causing animal dis-
ease only are not included. However, strains
suspected of being the causative agents of human
disense,although they have not heen fully proved
pathogenie for man, are listed.

Monriowoy

Borrelige are usually 10 to 20 g long and 0.2
to 0.3 u wide, but their length can range from 8
to 40 p and their width from 0.2 10 0.5 g (158,
159). They have 3 to 6, and sometimes even
10, spirals; the average is 5 to 7. The amplitude

of the spirals or “waves” averages 1 u. These
measurements are highly dependent on the stain
used on the organisms, The strains cannot be
differentiated by size (247). Manson and Thorn-
ton (200) saw predominantly short forms in East
and West Africa; Hindle (159) found elongated
borreliae in Central Africa. In Indochina (208)
and in Addis Ababa during the Italian occupa-
tion (259), slender ax well as very short forms
were recorded. Just before the crisis in relapsing
fever, when the number of borreliae in the blood
of the patient decreases, bizarre forms appear.
These forms are often less motile and accumulate
in rosettes, owing to adhesin activity (vide infra).

Variations in morphology often appear when
the organisms are transferred to a heterologous
animal. One strain of B. recurrentis showed
abundant, irregular, bent, ringlike, small and
thin forms in animals infected with human blood
in which such forms were not seen (271), The
morphology of borrelise may also vary during
subsequent attacks in the same patient (269).
These morphological changes are due to the
action of antibodies.

Borreliae have no undulating membrane, but
they do have a contractile axia! filament of
protoplasmic nature covered by a | eriplast. This
filament is said to be essential for the penetrat-
ing ability of Borrelie. Numerous flagella were
observed in a substrain of B. novyi which had
been perpetuated in the laboratory for many
years, the origin of which was spurious (190).
Optical microscopy shows only one short teriai-
nal filament (158), which is especially apparent
after division.

Babudieri (12, 13) and Babudieri and Boc-
ciarelli (15) examined B. recurrentis and the
novyi strain with an electron microscope. They
found one end rounded and the other pointed
during the resting stage. The protoplasm was
homogenous with few vacuoles and granules,
These authors did not see an axial filament, but
they verified the presence of an undulating
membrane along the entire length of the orga-
nisms; thix membrane could be macerated into
fibers. Similar structures were seen in trypano-
somata,

Kawata (173) worked with B. duttonss. He saw
8 distinet cell membrane, threadlike fibrous and
granular structures similar to the nuclear appa-
ratus of bacteria, and dense areas resembling
nuclear sitex, He (174) believed that B. duttonss
hax a foamy envelope which is dissolved in so-
dium deoxycholate. Kawata obrerved 20 to 25
fibrils on the surface of the cell wall. Electron
microscopy revealed neither mitochondria nor a
limiting membrane between the evtoplasm and
the nuclear sone. Lofgren and Soule (198), ex-
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Bactrenion, By,

TasLE 1. Borreliae and their vectors"

Group

l.ouse-borne

Tick-horne

E Borrelia
|
[ -
[ B. recurrentis Lebert 1874
! (B. obermeieri Cohn 1875)
! [B. bertera Nergent and Foley i910]
I |B. carteri Mackie 1907]
| {B. novyi Schellack 1907]
|B. kochi Novy 1907 = B. rossi Nuttal
1908|

| [B. aegyptical®
} .

} B. hispanica de Buen 1926
i {B. hispanica var. maroccana Breeze 1909|
B, hispanica var. mansourial®

B. crocidurae Leger 1917 group:*
B. crocidurae Leger 1917
B. mieroli Rafyi 1947
| B. meronesi Blane and Maurice 1947
' B. dipodilli Heisch 1950
B. duttoni Novy and Knapp 1906

|
|
1
|
'
|
|
'
|
|

. B. granigeri Heisch 1953

! B. persica Dschunkowsky 1913

! |B. uzbekistana Pikoul 1928)

I [B. sogdiana Nico)le and Anderson 1928
! {B. babylonensis Brampt 1939]

| . L "
U B, latisheryi Sofiev 1941

B. cancasica Maravachvili 1945
© B, turkmenica*

B. vesoonelensis Brumpt 1921
L (B nesopicalis Bates and St Juhn
1922)
1. Unnamed
2. B. mazzottii Mazzorti 1953
B. parkeri Davis 1942
B. turicatae Brampt 1934
B. hermai Dnvis 1942
B. brasilienxzix Duvis 1952

|

t
|
|
|
!
1
F
|
|
|

Vector

Pedicnlus humanus Linnaeus 1758

Ornithodorus® Koch 1844
(Ornithodorog)”

0. erraticus erralicus Lucas 1849

(*“large’ form of 0. erraticus)

\0. erraticus var, maroccanus)"

(0. maroccanus Vela 1919)

(0. miliaris)®

0. erraticus sonrai Savtet, Marnette, and
Nitowsky 1944

(“small form” of 0. erraticus)

0. moubata Murray 1877 (at least four
subtypes)

0. savignyi Avdoiu 18274

0. granigeri Heisch 1953

0. tholozani Laboulbtne and Meguin 1882¢

). papillipes Birula 1895)

(€. crossi Brumpt 1929)

[0). aspernz Warburton 1918
babylonensis|

{0). persepolensis]t

0. pavlovskyilt

0. tartakorskyi Olenev 1931

0. neerensis Paviovskyi/

= Var,

O, verrucosus Oleney, Zasukhiu, and Fenik

1034
(). cholodkorskyi Pavlovskii 1930

i 0. rudix Karach 1880

(0. renezuelensis Brumpt 1921)

0. talaje Guérin-Ménevillel 1849
0. parkeri Cooley 1936
0. turicata Dugin 1876

i ). hermai Wheeler, Herms, and Meyer 1933

(). brasiliensis Aragio-Beaurepnire 1923

* Names enclored in purentheses nre synonyms; those in brackets are possibly subspecies but perhaps
only synonyms,

s Description not elear enough to warrant fuli wreeptacee.

¢ Nomeuclature not nettled,

4 Nt entablished aw veetor,

* Prohably has subtypes.

£ 0. necrenain in also supposed 1o carey B latisheryi .

¢ Puthogenicity for man not fully established.
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amining the B. novyi, found smooth cell walls and
a granulated or motided protoplasm; pointed
tips, s~ometimes with & heavy terminal filament,
were frequently seen. Flagella-like fibers, swel-
ling, and granulation with free or attached heavy
granules were produced, Malbert (210) observed
a fibrillar band consisting of 18 to 20 single
fibrils connected with an activator membrane,

These findings are not wholly consistent with
observations made under an optical microscope,
and rurther research with the use of different
strains is desirable.

Borreliae are flexible organisms. Dobell (108)
pointed out that anterioposterior polarity is
completely absent in them. C'onsequently, move-
ment ix possible in the direction of either end.
Borreliae move back and forth over a distance of
two to three times their length. Their locomotion
may be (158, 159) (i) corkscrew-like; (1) wave-
like, forwards and backwards; or (iii) by lateral
bending and looping.

Ackermann and Protasov (1) stated that the
tvpe of movement depends on external condi-
tions, In guinea pig blood, their Central Asian
strain showed serpentine as well as rotary move-
ment, and formed rings as a protective measure,

Apparently the movement of borreliae, like
their morphology, may varv under the influence
of antibodies,

Borrelise multiply by transverse division.
During this process, the two halves become some-
what entwined preparatory to final separation
(174), whick may give the impression of longi-
tuding! division. The division takes 16 i '3
min. Unusually long forms, sometimes seen in
blood and deseribed in Central African relapsing
fever by Hindle (159), are the result of end-to-end
attachment after division. Duang fission, the
organism constriets in the middle, and the peri-
plast can be seen &5 a threadlike strueture, Thix
structure may be considered 8 flagellum after
the proeess of division has been completed.

Borrelige are seldom found in the blood during
intervals  between relapses. The  cerebrospinal
fluid remains infectious in experimental animals
after the organisms have disappeared from the
blod, but here, as in ticks and lice during the
period when borrelise are leaving the stomach and
reappear in the celomic eavity (so-called “nega-
tive phase”), organisms are seldom observed.
Granules of unexplained origin may be found in
body fuids and some organs during the entire
disease. Thus, theories have been published in
which a life evele of Borrelin, including invisible
or granular forms, was deseribwd,

So-cilled metacvelie forms were studied by
Raltazand ot al. (23). Thexe workers suggeestesd
that  “invisible”  forms, either  “filtrable™ or
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“granular,” circulate in the blood (28). Chorine
et al. (77) found only a few small, coccoid or
grenular forms of Borrelia passing through bac-
teriological filters, Perhaps granular and small
forms (including fiagments) pass through filters
when the pressure is high enough, but the exist-
ence of filtrable or invisible forms of Boerrelin
has not been proved as vet.

When borreliae break off into smaller forms
during the crisis of an attack, degenerative frag-
ments and granules can be seen (287). Johnstone
(167) classified granules into two groups: one
group representing part of the life evele of Bor-
relia, and the other originating from a degenera-
tive process, Burgdorfer (8%), working with
Ornithodorus moubata, found a reduction in size
of borrelige in passage, but he could not confirm
their role in a supposed life evele. Heiseh et al.
(148, 149, 153) observed coarse, irregular, struc-
tureless granules in lice, which could not be proved
to be a developmental stage but had to be con-
sidered breakdown products,

Borreliae  certainly  undergo  morphological
variations, but it ix questionable whether they
have a life eyele which includes atypical and
granular forms. Fluorescence microseopy permits
observation of granular forms, which appear 1
be breakdown products and involution forn,<
rather than evolutionary stages  (Felsenfeld,
unpublished data),

NTAINING

Borteliae can be stained with practically any
aniline dye (59), but acid dyes are most offee-
tive (285). I (109) dehemoglobinized the slides
with 6/, acetic acid in 95, ethyl aleohol for 5 see;
he then stained them with carbol fuchsin for 1
min. This ix a simple procedure and is feasible
also for thick smears,

Nilver stains are not easy to use, and there
ix & danger of precipitations which may be mis-
interpreted ax granular forms. Moreover, silver
impregnation  changes the morphology of  the
organisms,

Routine bload stains (Giemsa, Romanowski,
Wright, leishman) are often used. Prolonged
staining is recommended,

Colex (M) abo reeommended 1 prolonged
(12 to 48 hr) staining of air<dried and ethyl
aleohol-fixed  smicars,  Ater washing  of  the
Gicmisa stain, orange tannin was poured on the
dislex for 153 min, for differentiation. A\ final
washing followed,

Our methodd  (Felsenfeld,  unpublished  date)
consists of staintng with Wright's stain followed
by the application of 4 14, ervstal violet solution
for 10 to 30 e,
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Vago (275) introduced Mereurochrome in the
staining of Borrelia. Mercurochrome alone does
not stain intensively enough and is not taken up
uniformly by the organism« in the presence of
¢rnm.

Young (295), in an effort to avoid distortion
of the organisms due to fixation, stained the
organisms for 3 min with a concentrated aqueous
solution of Mercurochrome, rinsed them with
distilled  water, applied concentrated aqueous
methyl violet, washed them with dixtilled water,
and air-dried the smears,

A methad for concentrating borrelise was de-
sceribed by Simons (261). It is based on the olwer-
vation that borreliae are not dissolved by 107,
bile for severul weeks., Thus, 2 ml of 100, sodium
taurocholate in aaline were mised with | ml of
saturated methylene blue in saline. This mixture
will keep for about 1 month. Two to four loopfuls
of this solution were added to an equal amount of
blood, and a smear wax made and covered with
a cover slip. To examine larger amounts of blomd,
to cach 2 ml of blood 1 ml of sodium citrate xolu-
tion and 0.5 m! of the taurocholate solution
were wldded, the mixture was centrifuged, and
the sediment was examined with dark-field opties,

BrocseMisTryY

Horreline alwa,» move to the eathode in an
clectrophoretic angaratus (120). Borreline, al-
though often corsidered relatives of Trypano-
somn, differ from: the latter by not utilizing
oxyen. Oxygen, however, is not toxie for bor-
reline (119, 200), The atilization of dextrose was
found to be glyeolytie, its extent depending on
the number of borreline (119). Cell-free extracts
and homogenates showed enzymes of the Emb-
den-Meyerhof puthway of glyeolysis (122), B.
noryi wtilized large amounts of dextrime at 37 C;
about 657, accumulated as lactie aeid and about
107, was oxidized completely 1o carbon dioxide
and water (206, 253).

Restsrancy

In wet preparations, sealed with 0 cover
glass, borreline survive for about 1 day at room
temperature, Hindle (158, 159) stated that known
human pathogenic borrelise were killed when
exposedd 1o 50 C for 30 min. The organisms remain
alive in citrated blood for 3 months at 0 to 2 C.
Central Asian strains lived as long a< 100 days,
but their number deereases progressively during
this period. Beek (34) observed the survival of
Californian strains in refrigerated sheep blood for
195 days but in frozen tissue only for n few days,
Bourgain (49, 50) worked with B. peraica. His
strain remained alive for 19 days at 4 C, 7 days

Bacremon., ey,

at 11 to 15 C, and 4 days at 37 C. In isolated
organx, it survived for 7 days at 0 to 8 €, but in
cadavers kept at room temperature it survived
for only 4 dayx, The strain died, however, at
—15 or =20 C within 2 day=. On the other hand,
Weyer and Mooser (288) were able to keep several
Borrelin strains alive for 1 year at =72 C.
Freezing and thawing the organisms three or more
times destroved them (197). These findings show
the great vanability of the survival time of bor-
reliae.

Borrelise cannot withstand desiceation, but
light used to illuminate laboratories does not
affect them (159). Borreline survive better in a
slightly alkaline environment (179), and they
are susceptible to many chemical agents,

Sulfonamides tested agninse B. recurrentis in
rats proved ineffective (164). Only a feeble re-
sponse wax noted when penicillin was used against
the B. noryi in rats (88). There was no synergism
against B, dutfonti in mice between the arsenicals,
which were widely used in the preantibiotic era,
and penicillin (68), Combinations of penicillin
and streptomycin did not destroy B. duttonii in
mice (37). However, large doxes of streptomycin
were cffective against the same organism in rats
(193).

Streptomyein and chloramphenicol had some
effect, and neomyein gave exeellent results in
experiments with B, noryi (116, 117). In guinea
pigs infected with B. hispanica, chloramphenicol
was cffective, chlortetraeyeline gave exeellent
rexults, and oxytetracyeline was the most of-
ficacioun (63). In mice infected with B. notyt,
five times greater doses of chlortetraeyeline hal
to be given oraliy than intro-abdominally to
effect cure (144). Oxytetracyeline quickly eleared
the blood of rats infected with B. duttonss, imt
brain infeetion and relapeex were not prevented
(152); chlortetracyeline, given prophylactieally,
delayed but did not prevent disease (151). The
lnck of prophylactic value of oxytetracyeline in
rats with B. persica was also observed by Addler
et al. (6), who emphasized the therapeutic
efficacy of this antibiotie.

Tetracyeline killed borrelize when given carly
in B. hispanica and B. recurrentis infections (103).
With Central Asian strains, albomyein was found
to be a highly active therapeutic agent (278).

Diserepancies in pharmacological reports may
be due to strain varianee and to the fact that some
nuthors consider the disappearanee of the borrel-
ine the eriterion of therapeutic sieeess, whereas
others regard the immobilization of these G-
nixms s evidence of suceess. The mode of action
of antibiotics on Borrelia has aot been explored
as yet, nor has the influence of such agents on
the formation of antibodies hoen investignted,
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CutTere. MeTHODS
In Vitro

None of the culture methods tested has
assured the multiplication of Borrelia. Present
methods are designed to maintain the organisims
alive rather than to grow borreliae.

Of the many media recommended, the follow-
ing are of interest.

Chorine and (‘rougue (76) mixed peptone,
water, fresh rabbit serum, and laked or de-
fibrinated human blond. At 28 to 30 (', slow
growth was observed in this fluid.

Wolman and Wolman (293) coagulated 1 ml of
egg albumin at 80 C in culture tubes, and added
10 ml of & mixture consisting of 1 part human
sseitic fluid, 1 part buffer solution (pH 7.8),
2 parts saline, and ; part 1¢; dextrose. Liquid
paraffin was added to cover the medium. Heating
at 56 C' for 1 hr each day for 3 consecutive davs
was used for sterilisation. B. recurrentis survived
in this medium for 8 months at 0 to 12 (. At
42 to 45 C, ‘he organisms still remained active,
but they lost their virulence for animalke when
kept at higher iemperatures. Borrelia strains
coilected in Abyxeinia from patients with severe
illness survived even longer in thi» medium.

In Developing Chick Embryoa

Chabaud (69), in experiments with B. duttonii,
wsed  defibninated blood and  inoculated  the
chorioallantoie membrane of 4- to -day-old eggs,
The embryos died on the 6th or 7th day after
inoculation. The survival time was reduced to
40 hr after repeated  egg-to-egg  passages,
Chabaud also found that defibrinated  blood
gave hetter results than citrated bhod,

Ong (225, 226) did not observe changes in the
chorinallantoic membrane with his strain of B,
tuttonsi, and the embrvos stayved alive. Nerial
passage inereased the motility but not the viru.
Jenee of the strain. Borreliae appeanced in the blomd
of the chicks if the embrvo was inlevted 2 to 3
day« before hatching, and circelated in the
chicken for ahout 3 davs. They disappenrd, how-
ever, within hours from the blood of chicks newly
hatehed from Boerrdia-free egts when inocuinted
with B. duttonii after hatching. This is in acvond.
anee with the observations of Rudhain and van
den Berghe (248), who statel that Borrelia
strains, sich as B. gallinarum, growing in adubt
fonl, do not multiply in the developing chick
emiwyo amd vice vera,

Bajranmva (16) wpmrted sueeess in culturing
tick-lwirne \sinn borreline in developing chick
etmluyos,

Chen (0 wmeenlated B syrwrreatis o the
vulk sac of eveloping chick embryos, The man.
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imal number of borreliae was observed 5 day=
after inoculation. When the embryos died, the
borrelige disintegrated.

Hallauer and Kuhn (143) worked with a
Furopean strain of B. recurrentis; ©. to 10-day-
old eggs were used. The organmms appeared in
the blood of the embryos in 2 to 3 days, and the
embryos died in 3 10 5 days. No loss of virulenee
war observed in 35 passages. Bianchi (36) ob-
tained «imilar results,

In experiments with B. recurrentis from the
1943-1845 epidemic in North Africa, Baloset
(i8) encountered difficulties in extablishing and
passaging thix strain, but final results were xatis-
fuctory. The borrelise showed  degenerative
changes and lost their pathogenicity for mice
during egg passage. A mixture of allartoic fluid,
embryo blood, and some citrate was used to
propagate the strain from egg to egg. The orga-
nisms appeared in the blood of the chick embryos
3 to 4 days after inoculation.

Thus, significant differences weee olserved in
the growth of Borrelia in developing chick em-
brvos, ‘The age of the egg to be inoculated, the
mode of inoculation, and the optimal incubation
temperature remain to be established for many
strains,

Prescrvation of Borreliae in Rodents

Pampana (227) deseribevl an efficient method
for the use of laboratory animal brains for the
preservation of Borrelia. Within 2 to 8 months
after infection, depending on the strain, the
guinen pigs wore killd with chloroform. The
brains were washed with saline, emulsified, amnd
injected intraperitoneally or subeutaneously into
fresh guines pigs. The incubation time was 6
to 12 davs, or sametimes longer. B, hispanicn
vould be recovernsd from brains of the infected
guinea pigs for at deast 2.8 months (252), and
often after 3 vears (237). Guines pigs can be wed
only for the maintenance of wrreliae to which
they are suseeptible but which do ot caue
fatal disense in them. Guinea pigs ane unrelinhle
for the preservation of B. presica. This camni=m
may survive in the guinea pig brain for 222 days
or may disappear after 43 dave. Variations among
species ar vonsklerable (236). B, hispania
was found slive in rat brsine after 17 months.
Rats, howerer, were not feasible for survival
eyperinetits with the Manchurian st of
B. recurrentis (200, Worreliae do et survive
long in mouse heains (55,

This metlunt of Borrrlia precrvation has to e
testedd with cach individual organiem amd in
rach animal colony befose it ean be weasl for
prwtieal purjuoses,
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Preservation of Borreliae in Ticka

The long life xpan of ticks predestinates them
for use ax Iaboratory maedia for the maintenanee
of Borrelia. 0. tholozani, for example, may live
as bong ax 25 vears, and wax able to transmit
Borrelia after 12 years (231). Fasting nymphs re-
mained infective for 10 years (51). (). tholoani
was foumd feasible also for the maintenano of
Central \sian Borrelia struins (228). (). erralicus
can be wasd for the preservation of B. hispanica
even at 5to 7 C for many weeks (54). (). turienta,
starved for 5 yvears, was stll able o tran-mit
B. turicalae,

However, not all membens of a tick colony ave
equally suseeptible to Borrelia infestations. There
is abo a certain mortality in every tick colony.
Nevertheless, this method is most feasible for
the preservation of several Borrelin strains in
the lnboratory.

Reranoxssup or Borreuise o Turin
Inster VECTORS

Lace

Ve human louse, Pediculus pedic ilus humanus,
is the transmitting agent of B, reenrrentis, Whike
buth var. restimenti and var. capis proved to be
effective tramemitters of B recurrentiz, the erab
or puble louse (Phthirus pubis) i« not a vector
(0, 72, 163).

Lice are wore easily transferred from man to
mun during the winter, beeause they prevail in
heavily clothed people. Thus, in bot sl humil
Central Afries the naked inhabitants oenpe
liee. When temperature and nwi=tuns surposs
the optinium for hiee, the mobility of tuse in-
seets is fwduend, They lay e amd weparate from
man: then they begin toodie.

One Jourse takes up alwout | g of Blood at one
feexling (80). Heisch ot al. (133 foumd that this
neal has to contain 3t keast one or twi borreliae
per oil immersion ek o be infective. Thus, her
will seddom v infected durng Ranissions
when few or no boaneline circulate in the Mo,
Only alwut 12 10 174, of the bee ol on patients
during an attark of relapeing fever tranamit e
the rlisrase (202, 228:.

The borreliae enter the msdgut ol the e,
Mevhanical tramsier of borehine by b Igte or
b e feves s pumaible snly within a iea hours
alter fiweling on infected jeratie. “lany of the
mpr=ted borreliae perish i the uee. Their rate
of survival i punpertionate to theer - <lane: e
the digretive juices of the e 478 The e
maioing borrelise ke thetr wetiity, and dieap
pear inun the gut i alot | day. \ “egating

phase” ensues aduring which thes lawrchae are

prvsent ae granvk~, whirh ran le distinguiched
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with the aid of fluoreseence microseopy (Felsen-
feld, unpublizhed data). At the end of the “nega-
tive phase,” which lasts 3 to 6 days, short, cork-
serew-like metaevelie forms are observed in the
celomie eavity of the louse (23, 31, 133). This
cavity has no connection with the gut; thus, the
borreline are not found in 8- feees. Borrelise
multiply in the celomie fluid but do not enter the
salivary glamds, salivary duets, ovaries, or eggs
(153). Hereditary propagation of the burreliae in
liee s et unlikely. Borrediae are ot injected
izto human beings with the bite of the infected
lice after the organisimes have resched the celomic
eavity. Liee are very delieate. Antennae ad legs
ate easily broken off, permitting the celomie
fluid ~ontaining borreline to contaminate the
site of the bite. The louse must be enshesd or
mutiluted to transfer the infeetion (. It i~
helieved that most borreline can eause infection by
penetrating through small abrasions of the <kin
and of the intestinal traet, or oven through the
intact mucosa (51, N4, IN9),

Ater infestation, the louse remains infections
from the st days of the “negative phase™ o
about 3 weeks, or its entire lifetime, which i
27 0 30 days. The evele of borreliae in fice vanes
with the temperstune of the environment (31).

Garnham et al. (12N rwecommendes] division
of the strains of B. recurrentis into two subgrnng e
acvonding to their behavior in liee: (D long negn-
tive phitse in the louse (Faropean, North Airiean,
aned Renva strains) amd (30) no, or wactically m,
negntive phase in the Jouse (Mhvasinian and
{hitwse strains).

Experiments with base-hore relageing fover
are hampered by the unwillingness of human hee
1o bite readily animals other than monkevs (43).
i puesible, honever, to feed them on voung
raleats (B35, Feoding experinents have been
few i the past aml del oot inelinde 2 significant
numler of et speeies, which are natural
lents of Borrrlio carrving ticks. Swch evper.
nwtits coubl be helplul for e clucudation of the
ety of a3 wikler tranenision vincks o B
recarrentis than that of man ks man.

Nutiwrves atteropts hase bivn made o e~tah
Bsh uther baurcline than B weurrcndis i Jiee.
Adar atual \ablal 142 fouml that e can bvvonwe
infesteed with B persica bt bime them m aleat
N daye. B jersicn was neot taken up by fiee toun
wlectoel man e other eyvjasnnents when the
Uslwhastan stram of B jwrsica wac ua-l The
Tobouk armns deapyransd G bes in 2 dare
11 Netther mas the baree lemgaiabie 1o the
Rashmir strain b B jrrssce 1280 B croesdume
and B bispansica were taken up In hev with a
bang (10 10 1 2adar < latent o Caegatine phaoe”
T Gamshan: (127 bl that ber may
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lewrbor B, hispanica and believed that a man.
lonse remervair of this Borrelin may exist. Spar.
row (204) als sueveedod in wlapting B, bispanica
to lice; however, her greatest sueress was with
one strain which sk copsidensd o mutant.

Many organi~ms of 8. «ullonii were destroye |
in the stomach of lice, but thsre caaping e
the celomiv eavity lived aned nnitiplissd (147).

It «wems thuet B, hispanica, B. dutionii, ani
the borreline of the crovidurae subzamp beeng
lnise-borne more ensily than dews B, kixpanicn.
The environmental temperatune seemes 19 affect
the process of adaptation. Thus, 3t 30 ¢ bor
reliae of the enwidume sulgroup, borne by (5
erraticus sonrai, were easily o~tablishid in beuly
live by Haiwrkorn (142).

Heisel aned Garnham (1495 experimented with
licee frony an area which was free from relapeing
fever (Naimobiy ar-l wt them fovd on pomkeys
infeeted with an Fa~t Aoean struin of B dut
tonii. The Jive bvame infections on the 3th 1o the
Tth day, but borreline coubd not be seens in them
for 10 davs. This “megative phase”™ was ke-
definitive than in B. recurrentis infeetions, Liev
soubtd transiit B duttonis 1o hedgehogs, miere,
rat~, aml monkeva in the laboratory. Thee
anthors found hts in which the inhabitants wene
infestenl with e eareving B, duftonii. The <ame
huts were abwe infesterl with 1) moubale, the
natural carrier of B duttonii No chang~ in the
physiology of this Borrelin werv almerved in the
licv. These authors, bowever, disd pot fid evidence
for the mutation of B dutossi into B. recnrreniis.

The wonkey lowse (Pedicinns longiceps) 1= n
gosnl lunt For B dultonii. This Boer fir may in
transferoed frum monkey o monkey by P
longier pa 1434,

ft wemin that liee noan
other than B recurrestis, but the mntation of
~uch strame into epidemwsic sirains has vt heen
ulwerved as vet. The antigenie balahity of her
el iy inwects de bws than in man aml anmak
This may evplain the stabahiv of the ol
vheervesd in thew: eypenments. 4 mutatson takes
place, it s predably the neult of repeatisd “man
tn hatisr o man’ cvebs \though thes 1o 3 dis
tinet pewaithiiy | tic my Riwiv eelgr 1 has et Ieen
dhesenihand as At

abe carny herrclioe

Twis

Trieks poymgatmg human rwelayyeang terver be
bg 1o the \rgawbes, mever 9 the Fuedwlec
Tiurr of nterest i Barrlin toanameasm Lo
lwen hetred or i) by \maston i5r, \rthur
. Haker sl Whartan d7: Ciedey 183,
Ciedeyv and Rohbs s T (88, [hequates
arel Canpana 108, Fasghk arnel Gotiner 12132,
Gialum: 1128 and Hosezatranl ¢ 1G]
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Tieks hive in begrrows o rodomt= aned other
animals, in eaves (eapecialy theee in which guano
is present), in dugonts vl Gonehes infeste ] with
rodeats, airl in humeas sn b animal habitat. wiah
e foor= Some feed on animals, inchading man,
ipliseriminniely; others bite only one or a few
speries. The fereding ke nbout 2900 30 min,
or 1 hre or bonger, acconling s the spreeies of
the tick. Some produes b analgesia, vhenas
the bite of others = very painful. Paose tieke
whica are veviors of pelapeing fever orgamsm-
attach themselves 1o their hosts for oaly o short
tine, wemally for dess thag 1 e, an ) their tate
i sebdom panfol. Some of them are nizhe
teerher-. Wheneas e have 19 b erusheed 1
teansfer Boreelis, vk~ o na, and o o« she
inelivitual may et s different peer<on or snimal
at eavh lesding,

Tirks may tuhe up bleand cqual vorwe Ty siy
tines their own weight. While they are feeding,
safiva reaehes the capillaries opemel by the hite,
Towanl the el of the ferding, the coptents of
the gut are evacusted. Many tichs exerete ol
glated Ruisd nr the ensd of the feding. This conal
fludel may b guite voluminons, or only a ibrog,
or may mt appesr =t all while the tiek i~ inoeon-
tact with its hemt,

The borrchae are passed 1o the ezes of the
infeeteed femake tiek, but not all barcae wili be
infestest €30, Nevorthebss, this create . a nservir
ol Berrebin in the ek popuilation. The range of
tratsovaran propagation vares with the species
of the ek Troan 0.29¢, in 0 bormsi to 1B, iy
€ furiratn (95

A bt vhanwtenaation of ticks of Ao n
importaner i the projoagation of elapeing fever
folbsw .

0 erendirss srrndwus, the “large typee” ot )
rrraticus, v the vevtar of B hispanins. B
eonptecn i \fswa from Ugamla to the Maditea
ranean, appareativ having followed the path
the Mordemn ooawginst. It Bives with bairrowing
mammale aml owis The Barvae foest on nabente
asul sope vephibie | bt eaahy conmunter an ¢ 6
When mammals ane not availabde, s will hate
crabe aml fongs 1) crratis us foebe fur by 13 0
M min,

R bispanwa ivhebes siteh siryine as the Munse
can (19, the Pietugeae 2800 the Pebyeups:
v Eireck (64 aml the Natmandun  1Soath
Tunetar 1251 stane. Myweal Syvnan amd Al
greran otmns have ales han stpdwel (215,
30 Thew msevt vt wrms 9 be the sanme
tiek, namciy, 1 crrafe ue croadie e

In sapermwtits ¢ 20 1) ¢rraln as crrafeas was
ahle tov transirr R muorads from man b gumsea
teg. bat quate srvezularis

1) conadorns samrai, abescalle Fthe © cmall 1y e
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of 0. erraticus, is the host of some of the eroei-
durae group of Berrelia, namely, B. crocidirae,
B. dipodilli, B. merionest, and B. microli (26);
the “large type,” 0. erralicus erraticug, is not
hospitable to thix group (82). The pathogenicity
of these borrelige 1or man is low (202). High
rodent and mild human pathogenicity was stated
10 be one of the characteristies of thix group (30).

There is xtill some confusion regarding the
taxonomy of =ome ticks belonging to this =ub-
group and o the borreliae carried by them.

0. normandi s a strain of 0. erralicus (9).
Thus, it is questiorable whether B. normandi
should be used to designate the Borrelia carried
by this tick. 0. marocanus is synonymous with
0. erraticur, B. hispantca var. marocana and
B. masouria ure carried by 0. erraticus and should
be elassified with B. hispanica.

0. savignyi was considered a potential host
because of its predominance in some areas
afflicted with relapsing fever, ik, Somaliland
where other vectors have not been detected as
vet, and in the South of Tunis and Libva, where
louse-borne epidemics have originated in the past.
There have been too few surveys carried out on 0,
savignyt living under natural conditions to permit
a decision ax to whether this species is or is not a
natural vector.

0. granigeri was found to carry a very mildly
human pathogenie Borrelia, described by Heisch
(146).

0. moubata, the “eveless tampan,” and its
four subtypes, namely, 0. compactus, 0. apertus,
0. porcinus, and 0. porcinus domesticus (283,
284}, are at home chiefly in East and West
Africa. 0. moubata carvies B. duttonit. Walton
(281) believed that its original habitats were
warthog ar.d poreupine burrows and that it was
transferred to human huts by man. [t prefers
houses where people and fowl live together (282).
[t liver a few centimeters under the surface in
the duxt and in eracks of mud flours, particularly
near dry places wheve people usually ~i.. It has
heen found in mud and grass walls, even in
thatched roofx.

since 0. moubala seldom travels by its own
volition farther than about 30 vards, transporta-
tien by man or animals is necessary to earry it
to other localities,

(. moubaia and all of its five or six nymph
stages suck blood. Adults like to feed every 6
weeks, nymbhs every 2 weeks. In the laboratory,
it ix not necessary 1o feed rdults more often than
twice & vear. After prolonged starvation, how-
ever, horreline often disuppear from its voxal
fluid and ovaries (183). The feeding time of 0,
moubata is about 20 to 30 min. About 40 to 60¢;
of the eggs beeome infected (137). The salivary
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glands are heavily infested in nymphs and ir-
regularly in adults (277). The feees are free from
borreliae {118).

Young adults and nymphs transfer borreliae
vhiefly through the saliva, whereas older speci-
mens propagate the infeetion through the eoxal
fluid.

0. moubata may become infectious as soon as
the 5th day after feeding. The first nyinphal
instar is the mest effective transmitter. Sinee
borreliae are being pas=ed on from generation to
generation, 8 mammal reservoir is not necessary
to maintain B. dultenii and, because of the lon-
gevity of this tick, 0. moubata and its progenies
muy maintain the infection in an arca for a long
time (58, 129, 130, 134, 132).

Fach subspecies of 0. moubata uwsually feeds
on only one mammal =pecies (135, 280). Blood is
digested very slowly, and the species from which
it came can be identified by precipitin tests as
long ax 7 months aiter feeding {286). It was
proved by this method that burrowing animals
are not the source of human infection but that
0. moubata is the reservoir as well as the trans-
mitting agent of human-pathogenic B. dultonii
(20, 22, 150).

0. moubala i+ considered an effective vector.
In laboratory experiments, it could transfer B.
croctdurae but was not very hospitable to it (26);
it harbored B. persica for many months, and also
B. lispanica, but not the Kenya type of B.
recurrentis (128). B. turicatae lived in O. moubata
for 19 months but could not be transferved by
itx bite. Thus, 0. moubata has to be considered a
tivk propagating in nature only B. dutfoni.

Grin (139) observed that 0. moubata did not
acquire B. dutlonii infestation when this orga-
nism became avirulent after several mouse pas-
sages. The reason for this aberration has not heen
explained as vet.

0. tholozani carries B. persica, and probably
has several subspecies. It s synonymous with
0. papillipes and possibly also 0. crossi, which
harbors the Kashmir strain. Babudieri (14)
described two B. persica strains in Jordan which
are, perhaps, carried by different subspecies of
0. tholozani. 'The Uzbek strain of B, persica causes
only mild disease in man (171). B. persica is
svnonymous with B. sogdiana and probably also
with B. wzbekistanica. (). tholozani makes its
home from the Central Asian USSR through
Iran to the Mediterranean, It lives in caves,
holes, and burrows of smail animals or in human
huts. In some localitios, it is found near camels
and fowl. In Cvyprus, it prefers rocky shelters
and caves with guano floors (125). In Central
Asia it Hves in oases and in rodent burrows
along the edges of the woudlands of the mountains
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{213, 229). It wax also fcund in abandoned
piggeries (274). In Kazakhstan, 27, of 0. tholo-
zani collected in their natural habitats were
found to be infected with Borrelia (262).

This tick has one larval and three to four,
pos:ibly five, nymphal stagex which feed at least
once on a vertebrate host during each phase of
development. The adults feed repeatedly. Trans-
ovarian propagation of Borrelia in 0. tholozani
has been proved. The incubation time, from the
intectious meal to the ability of the tick to trans-
mit Borrelia, varies. In adults it may be as long
as 1 or 2 months. Moskwin (213) found that the
infection: ix transferred by bite, i.c., through the
saliva, and not through the coxal fluid.

0. tholozani adults were observed to harbor
B. persica for about 3 years and the nymphs for
asbout 5 years (52). About one of every five
ticks fed on infected rats or mice acquired B.
persica (239). In addition to B. persica and its
substrains, 0. tholozant was found to be able to
transmit B. recurrenits and its Moroccan and
Berber strains from mouse to mouse in laboratory
experiments (180). It earried B. recurrentis for 4
months under similar conditions (263), but was
unable to transmit it to animals. It hosted B.
hispanica and B. microli after experimental
infection (241).

B. babylonensis was isolated from O. asperus
Brampt (55). It caused relapsing fever with many
circulating borreliae in guinea pigs, thus re-
sembling B. hispanica. On the other hand, this
Borrelia is not transmitted by 0. tholozani or O,
erraticus. 0. asperus, however, will transmit B.
persica. Thus, it might be more feasible to con-
sider this Borrelia within the group of B. persica.

0. lartakovskyi carries B. latyschewri (262a)
and is found in the Central Asian USSR. As a
rule, it does not appear in human dwellings;
it exists in burrows of rodents and reptiles in
dry waste lands, but seldom in the desert. O,
tartakovskyi exudes coxal fluid not during feeding
but some time after it has left its host (27).

0. verrucosus lives in burrows and caves of the
semi-desert region of the Caucasus. It has little
contact with man. There are four endemic foci
in Azerbaijan in which this tick carries B.
caucasica (237), a human pathogen, which has
not been studied satisfactorily as yet,

0. neerensis Pavolovsky, from Turkmenia,
prefers more cultivated areas than 0. verrucosus
and inhabits burrows of rodents, birds, and
veptiles. It is supposed to carry B. latyschewrt
(230, 238), which is seldom found in man and
causes only mild disease (27). It ix not known
whether B, latyschewis from 0. tartakovskyr is
identical with the strain carried by 0. neerenis,

0. coniceps Canestrini lives in burrows and

BORRELIAE AND RELAPSING FEVER o)

vaves and also in houses with chickens. In Jordan,
it has been suspected. of transmitting B. persica
through it« saliva (14). 0. coniceps can be arti-
ficially infected with B. persica, which it will carry
for about 19 months. Transovarian transmission
will take place. About 2¢{ to 3, of the ticks he-
come infested by feeding, and about 10¢; of the
guines nigs develop Borrelia infection when in-
fested ticks feed on them (70).

The American relapsing fever Borrelio.
were suspected of being tick-adapted b. recur-
rentis (62). Brumpt opposed thiz theory (53).
American Borrelie straine apparently did not
beeome tick-borne after the Spanish Conquest
or after the settlement of the West commenced,
at which time louse-horne Borrelia was spread.
Tick-borne strains were probably present slready
in the western mountain ranges of the Americas
when immigrants from Europe and from the
East arrived.

Among the South American ticks, O. rudis
(0. venezuelensis) is the most important vector.
It likes to enter houses and has the habits of
bedbugs (233). It carries B. venezuelensis (B.
neotropicalis).

The role of 0. talaje in relapsing fever is rather
puzeling. This tick is found in the West of the
Americas, from Canada to Argentina. It often
appears near human habitats (42), associates
with pigs and rats (79), and seem to transfer
Borrelia from animals to animals rather than
from animals to man (95), although Bates et al.
(33) described human infections by O. talaje.
Some 0. talaje strains do not bite man (95, 234).
The Borrelia transmitted by O. talaje has not been
named as vet, because it is believed that it is
identical with that from O. rudis. Mazzotti (204,
205) found incongruities between the bionomies
of 0. rudig and O. talaje on the one hand, and
B. venezuelensis infections on the other. 0. talaje
from Mexico and Guatemala transmits a Borrelia,
called B. mazzoltt (98), which is not carried by
0. talaje clsewhere. The literature does not seem
to contain reports on attempts to define O.
talnje subtypes. The problem of South Amer-
ican relapsing fever and its etiology will not Le
understood until the taxonomy and ecology of
the members of the 0. talaje subgroup are
fully investigated,

0. parkert lives in the West of the United
States and in Canada. It inhabits caves and
burrows of ground squirrels and prairie dogs.
Human infections with its Borrelia, B. parkeri,
are rare, because man does not enter its habitats
frequently. . parkeri transmits B. parkeri
through its salivary apparatus, i.e., by bite,
0. parkert cannot propagate B. renezuelensis.
It will harbor B. turicatae for a long time, but is
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not effective in transferring it from mouse to
mouse under experimental onditions (205).

0. turicata has been found in Canada, the
Western United States, Mexieo, and in South
Ameriea. Although it originally favored caves and
burrows of rodents, owls, and snakes, it has been
found under houses in Texas (42) and seems to
begin its domestication in Mexican huts, pigsties,
abattoirs, and caves which house goats or sheep.
This tick remsins alive while starving for 5
vears (121). Larvae and nymphs feed for 10 to
30 min, but adults may take a< long as 2 days.
Coxal fluid is not exereted during feeding, and it
does not contain borrelige. B. turicatae ave trans-
mitted by the bite of the tick (177). 0. turicata
is easily infected with B. turicatae; practically
all individuals are suzceptible and carry bor-
reliae at least to the F5 generation (94). In
laboratory  experiments, (. turtcata did not
transmit  B. rvenezuelensie, B. hispanica, B.
duttoniz, B. persica, or the Babyvlonian strain
from animal to animal (53, 53, 56, 99).

0. hermst lives in remains of dead trees (so-
called “snags"), with ice, rats, and chipmunks,
in the mountainz of California, the Northwest
of the United States, and (anada (156, 290,
201). Rodents carry it during the winter into
summer eabins which are used by hunters and
travelers, and where the licks remain alive for
vears. 0. hermsi feeds on mammals but may feed
also on other ticks. Wheeler (289) could recover
Borrelia for 3% days from the gut of 0. hermsi
but found that neither feces nor coxal fluid are
expelled during feeding. About 45¢;, of O. hermsi
found in nature could infeet mice, The hereditary
transmission rate, however, is low. ). hermsi can
be infected with B. rvenezuelensis and B. parkert
but does not transmit them (205).

The North American species of ticks and the
borreliae carried by them are excellent examples
of the close relationship between borreliae and
their tick vectors, Although borreliae other than
the tick-speeifie borreliae coukd be transferred to
the different ticks, these arthropods were able to
transmit only their own Borrelie species,

0. brastlicnsis harbors B, brasiliensis (97) in
Brazil: O. zumpli harbors B, tillae in the Cape
Provinee of Africa (297). The Jatter is perhaps
not pathogenic for man or Cercopithecus monkeys
(154). B. queenslandica from Reltus villosus in
New Zealand caused rvelapsing fever in vats and
mice. Its tick vector and itx human patho-
genicity have not been fully investigated as yet
(66). Tt ix neccessary to study these organisms
more intensively before they can be considered
effeetive factors in relapsing fever,

B. recurrentis isolated in Central Asia could not
be transmitted from infeeted man to man or to

rodents by the bite of . thelozani or (. tarta-
kovskyt in spite of the survival of the borreline in
these ticks for as long as 134 days €263). Neither
could Baltazard et al. (24) transmit B. recur-
rentis from heavily infected infant rabbits by the
bite of O. errativus, (). lahorensis, 0. turicata, or
0. parkert.

There is a great variety in the mode of living,
feeding, and excretory functions of the insect
hosts, Attempts to align these factors with the
immunology and pathogenesis of the respective
borreliae have not been suecessful ax yvet,

As seen from the foregoing, a number of Orpi-
thodorus speeies alko will carry in the laboratory
Borrelta types other than those they transmit in
nature. The rule of Borrelia-tick species speei-
ficity, while not unequivocal, comes at least close
to being exact. Notable exceptions are the talaje
and the latvshevyi subgroups. The results of
further investigations may elarify  these dis-
crepancies,

According to a hypothesis advanced by Nicolle
and Anderson (218), borreliae were originally
parasites of small maminals. They were trans-
ferred from them to man by ticks, then from
man to lice. Aceording to this concept, ticks
conserve, and lice propagate, borveliae.

Baker and Wharton (17) stated that Borrelia
developed with the Acaringe. This hypothesis
implies that borreliae are primarily the parasites
of ticks, invading mammals only by chance and
developing into different species with genetic
changes of Acarinae. 1t seems that recent reports
on the relationship of Borrelia strains to the
species or subspecies of their vectors favor the
second theory.

Unusual vectors, like bedbugs, may occur under
certain circumstances. Mechanical transmission
as, ¢.g., by biting flies; i a distinet possibility.
Nevertheless, one would go too far to aseribe a
large role in the propagation of Borre/ia to some
insectx, like mites and bedbugs, which arve in-
efficient transmitters and do not serve as reser-
voirs of borreliae.

ArrEMPTs 1O (CLASSIFY BORRELIAE  ACCORDING
TO SUSCEPTIBLE ANIMALS

Sinee pumerous tick speeies live with animals
in bhurrows, caves, stables, and even huts, several
attempts have been made to classify the members
of the genus Borrelia according to their presence
in wild and domestic animals ax well as aceord-
ing to the susceptibility of laboratory animals,

“Natural” Reservoirs

No animal reservoir of B. recurrentis has heen
found as vet. Squirrels could be infected with
ease also by administering the Chinese steain per
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os or dripping it into the conjunctival sac (78).
Bushhabies were sensitive 10 the Kenya strains
(126); gerbils, to the Berberian strain (138).

It is doubtful that these rodents are infected
also in nature. A summary of snimal reservoirs
of tick-borne relapsing fever was presented by
Sautet in 1937 (251). Since then, many additional
data have been coliected. Mooser (212) expressed
the belief that of the tick-borne borreliae only
B. duttonit is primarily anthropophilic, whereas
the others are parasites mainly of rodents and
insectivorous animals. No animal was discovered
as yvet to harbor B. dultonii under natural con-
ditions. In laboratory tests, dogs, horses, goats,
and sheep acquired a light self-limited infection
(159). Hedgehogs seem to be immune (186).
Chickens injected with B. dutionii will harbor
borreliae in their circulation for a few days with-
out developing disease {178). The failure of
these experiments confirms Mooser’s assumjption
(212) that B. dudtonti has a life cycle which does
not involve mammals other than man.

B. hispanica has been found in rats, jackals,
foxes, bats, weasels, hedgehogs, porcupines, dogs,
and domestic mice (100, 101, 162, 214, 217, 219).
The infection rate varies in rodents from 0.5 to
40¢¢ (41).

Pigs, donkeys, and cats have not been found
infected, but O. erraticus, the tick vector of B.
hispanica, lives with pigs, and these animals may
dizseminate 0. erraticus (214). In laboratory
experiments, dogs, procupines, hedgehogs, and
bats (186, 217) were successfully infected with
this Borrclia.

The croeidurae subgroup of Borrelia was named
after the wild shrew (Crocidura) from which the
first Borrelie belonging in this subgroup was
isolated. Shrews, hedgehogs, hamsters, gerbils,
bandicoots, wild mice, and sometimes also dogs,
bats, horses, goats, and sheep, but not reptiles
or birds, are hosts of this subgroup of Borrelia
(102, 209). Animalx which are frequent carriers
of the crocidurae subgroup of borreliae in nature
may be infected also in the laboratory.

B. persica has heen isolated from naturally
infected wild miee and rats (14, 25) and may be
present in bats. Hedgeliogs are susceptible in
laboratory experiments, a- are sheep (103).

Babudieri (t4) believed that there are two
strains of B. persica in Jordan. One, the rural
form, oceurs in shepherds, nomads, and road-
builders, who often stay in caves with dry and
sandy floors. Relapsing fever has it peak among
them in the winter. The urban forin oecurs in
windowless houses with carthen floors that are
not well maintained. The peak of this infeetion
is in the summer, Babudieri postulated a evele
from the spiny mouse (Aeomys) or sand rat
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(Psammomys) through 0. tholozani to man in
rural arcas, and from domestic rats through 0.
coniceps to man in urban dwellings. These inter-
esting features warrant further investigations.

In the Americas, chipmunks and squirrels
(34), burrowing owls (166}, monkeys, marmosets,
opossums, weasels, armadillos, and bats (79, 111)
have been found infected with Borrelia. Calves
which are tied to bush fence posts in Central
America abound with 0. lalaje, and domestic
(not ranch) horses around which opossums like
to prowl also harbor Borrelia.

B. turicatae causes infection in dogs, foxes, cats,
pigs, Microlus mexicanus, and cotton rats, under
laboratory conditions (56, 203).

The search for a wild or domestic animal not
routinely used in the bacteriologieal laboratory
as vet for the differentiation of Borrelia strains
has not been suceessful to date. Lapiérre et al.
(186) achieved some success by employing the
Furopean hedgehog (Krinaceus europeanus),
which is resistant to B. duttonit, acquires a usually
inapparent disease from the crocidurae subgroup,
becomes ill with B. hispanica, and develops a
severe disease when infected with B. persica. ‘The
horders between the resnonses of this hedgehog
to horreliae are not sharp and may vary accord-
ing to the respective strain of the Borrelia species
employed. Perhaps when more extensive studies
of animals harboring boureliae in nature are
carried out, when dogs and sheep are added to
the series of experimental animals, and when
uniform routes and infective dosages are em-
ployed, additional iaboratory test animals will
be found.

Laboratory Animals

Monkeys, mice, rats, guinea pigs, rabbits,
and, to a lesscr extent, hamsters have been used
for laboratory tests with bhorreliae.

Monkeys gave the best results with B. recur-
rentis after intraperitoneal injection (29, 44).
M. dnuus seemed to develop relapses less fre-
quently than M. sylranus (18R8). The Tunisian
strain killed M. inuus (220), but no fatalities
were observed in Maracus with the World War
11 strain (80). The Kenya strain killed only 36¢,,
of civet monkevs (126). The Manchurian (271)
and the Chad Region strains (I88) were casily
established in monkeys, The incubation period
and the number of yelapzes depended on the size
of the inoculum.

B. recurrentis infects mice consistently, but
the infeetion is of short duration (about 3 days)
and mild (39, 80). The incubation time depends
on the size of the inoculum (31). Young mice are
mote suseeptible (266). Passage through rabbits
or monkevs enhances its virulenee for mice
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(30, 271). Some of the North African strains lost
part of their pathogenicity for man after passage
through mice (18), and others retained it (21,
266). Strains designated as B, carteri and B. novyi
are also infectious for mice. The Kenya strains of
Garnham (126) caused severe horellemia of short
duration in mice.

White rats show a short incubation period,
and B. recurrentis circulates in their blood for 1
week or even longer (20, 30, 126). Sometimes
heart blood contains Borrelia longer than the
peripheral blood. Young rats are more susceptible
(265, 271).

It was reported that some West African strains
do not infect rats, and the designation B. berbera
was proposed for them (159).

Guinea pigs appear to be refractory to B.
recurrentis, including the strains labeled carteri,
tonkin, and berbera (134, 159). The Manchurian
strains, after having been established in mice,
could be transmitted to guinea pigs. They circu-
lated in the blood of these animals for 2 or 3 days
(271). Newborn guinea pigs are somewhat more
susceptible to B. recurrentis than are adults.

Rabbits generally do not become ill after B.
recurrentis injections but develop antibodies
against them. Young rabbits are more susceptible
(29, 30, 31). The organisms may persist for 1 or
a few more days. Lice usually feed well on new-
born rabbits. This method of infection permits a
more natural approach in laboratory experiments
with these animals. Strains passed through adult
rabbits acquire higher virulence for young rabbits
(30).

Monkeys, especially M. tnuus, are highly
susceptible to B. hispanica. ‘I'wc or three relapses
are often observed in them (48). The infection
in mice is short and mild. Rats react in a similar
manner (48, 252). Virulence for guinea pigs may
fluctuate (252). The appearance of atypical forms
and only a few borreliae during remissions in
B. hispanica experiments with rats may hamper
laboratory studiex. Most strains, including
Morocean and Algerian, are easily transferred
to guinea pigs. Rabbits develop an infection of
short duration (48), with few borreliae circulating
in their blood.

The crocidurac group is characterized by
minimal pathogenicity for monkeys, e.g., Cyno-
cephalus (47), and by a greater sensitivity of new-
born mice and rats and no reaction or a mild one
in adult rats but a serious response in young
rats (26, 134). Rabbits are refractory (26).

B. crocidurae, the type strain, rauses fatal
infection in young rats and in hamsters (44, 45).
The Egyptian strain ix pathogenic for rats and
mice, and causes transitory parasitemia in new-
horn guinea pigs (106).
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B. microfi kills young mice and rats. It stays
in the peripheral blood of adult mice and rats
for 10 to 12 days, i.e., longer than most other
Afro-Asian borreliae. The incubation time is
about 1 week. It is nonpathogenic for adult
guinea pigs and rabbits (95, 240, 241).

B. merionest causes disease in the Barbari ape
(M. sylvana) (40) and other monkeys (95). It
circuiates in the blood of mice for about 2 weeks
and Kkills rats quite frequently. It is nonpatho-
genic for adult guinea pigs but often fatal for
hamsters (40).

B. duttonit is readily transferred to monkeys,
causing fatal disease in African species (80).
Apes arc less susceptible (47). All except the
Madagascar strain infect adult mice more
readily than newborn mice (134). The infection
persists in mice for a long time (80). The same
conditions prevail in experiments with rats (128,
134). Guinea pigs are only slightly susceptible (o
B. duttonii, but young animals may acquire the
infection. Although adult rabbits are refractors,
young may be infected (134).

B. grainger: is only mildly pathogenic (146).
Monkeys, guinea pigs, and young rabbits are
refractile. This Berrelia circulates in the blood
of mice and rats only for a few days.

Mice and rats are highly susceptible to B.
tillae, and young guinea pigs are susceptible to a
lesser degree; mild or irregular responses were
noted in rabbits (297).

B. persica causes disease in monkeys and mice
(3). Guinea pigs are sensitive to most strains of
B. persica, which is helpful in differentiating
it from B. recurrentis (3, 4, 103). A hemoperi-
toneum often develops (53a). Rats can be in-
fected (3, 239), but the incubation time is long
(103). Prolonged infections in guinea pigs were
recorded also with strains from Palestine (10)
and Uzbek (274), with an incubation period
extending to 6 weeks (103). Numerous relapses
were seen in these animals when infected with
some of the Tobruk strains (11). Disease in
guinea pigs can be evoked also by introducing
this Borrelia into the anterior eve chamber (3).

Few B. letyshevyi circulate in the bloodstream
of the infected mice, but relapses can be ob-
served (262a). Rats are not sensitive to B. laly-
schewii according to Sofiev (262a4), which is
unusual for a Borrelia that is quite pathogenic
for mice. Guinea pigs do not react to this Bor-
relia (27, 30, 262a). Rabbits show only a transient
infection,

B. venezuelensis (B. neolropicalis) is able to
cause experimental relapming fever in Rhesus
monkeys (33). The incubation period in mice and
rats varies according to the number of organisms
injected. Borrelemia of 1 to 2 weeks’ duration
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follows, after which the number of circulating
organisms diminishes in the blood, but the in-
fection persists in the brain (83, 233). Guinea
pigs may be infected with B. venezuelensis (92).

B. mazzotti (98, 204) does not infect guinea
pigs.

B. turicatae is communicablc to monkeys. Mice
and rats can be easily infected, and, although
the organisms are rare in blood, relapses may
oceur. B. turicalae has been recovered from rat
brain but not longer than 6 months after in-
fection. Guinea pigs react according to age and
strain (56).

B. hermsit is highly infective to monkeys and
easily established in mice and rats (289), but these
qualities may vary with the geographic origin of
the respective strair. Guinea pigs (92) and ham-
sters (74) ure also sensitive to B. hermsii.

B. brasiliensis could be transmitted to mice
and guinea pigs (97). Few data are available
concerning thss strain,

It was shown that, in attempts to classify
borreliae according to the response of laboratory
animals, the number of the borrelisae in the
incculum greatly influences the reaction of the
animal host. The incubation time often fluctuates
with the dose and the route of inoculation. Host
variations may play an important role. Some
animals have relapses, and others do not, even
it injected with the same species of Borrelia.

The experimental methods have not been
standardized. Some researchers iniected crushed
lice or ticks into animals, under the skin or into
the peritoneal cavity. It seems that some con-
stituent(x) of the arthropod body enhances
the infection. The results of feeding arthropods on
animals, infecting them through mucous
membranes, injecting infected blood or organs,
or introducing infested crushed aurthropods,
may be divergent, even with the same strain. In
addition, one has to consider strain variations.
The axiom that no two Borrelia strains are com-
pletely identical (167) is actually not such an
overstatement as it appears at first,

All these factors limit the value of animal
experiments, Generally speaking, voung animals
are more susceptible to borreliae, perhaps with
the exception only of B. duttonii. Monkeys, mice,
rats, guinea pigs, and rabbits are the most com-
mon experimental animalx. Unfortunately, most
authors working with primates used different
monkey and ape species. Mice are senxitive to all
strains, Some authors prefer rats because, if
these rodents are susceptible to a given strain of
Borrelia at all, the infection will last longer than
in mice,

Guinea pig =u=ceptibility to Borrelia is a
differential diagnostic  characteristic, ranging
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from absence to high sensitivity, with variations
according to the strain and the age of the guinea
pigs. Rabbits are not helpful in the differential
diagnosis of Borrelia but can be used for anti-
body production. Hamsters have not been
employed widely in Borrelia work as yet. Table
2 summarizes the essential strain differences as
established by the experiments related in this
section,

PATHOLOGY IN EXPERIMENTAL ANIMALS

The response of experimental animals to
Borrelia infections depends, among other factors,
on their age and metabolism. When dormice were
infected with B hispantca or the 17zbek scrain of
B. persica before hibernation, the Berrelia dis-
appeared faster than when tke animals were
kept at room temperature. If dormice were in-
fected during hibernation, borreliae could be
recovered for a much longer time (165). This,
undoubtedly, is a phenomenon which can be
correlated with metabolic changes during hiber-
nation.

The influence of borreliae on the metabolism
of infected rats has heen studied to some extent
and may serve as a clue to further research.

B. recurrentis produced large quantities of
lactic acid in the blood of rats, resulting in a
higher carbon dioxide respiration and, at the
peak of the infection, accompanied by hypo-
glycemia and depletion of liver glveogen (122).

Severe dizease developed in rats that were
protein-deficient (140) or thiamine-deficient, or
both (141), when they were injected with B.
persica, There was no change in the relapse rate
or in the incubation period. Guggenheim and
co-authors (140, 141) believed that the concomi-
tant caloric deficiency was the cause of this
phenomenon. Subdeficient diets had ‘10 influence
on the course of the disease. This observation
probably has no bearing on the metabolism of the
Borrelia, but represents a condition which re-
duced the host resistance to infections in general.

The fate of borrelige in experimental animals
has not been studied to a satisfactory extent,
Borrelia can be found in the capillaries and sinuses
of the organx, especially in the spleen. There is a
variation in the intensity of the lesions according
to strains, Some authors found that splencetomy
in ratx has no influence on the infection (20, 22);
others observed an increased susceptibility after
this operation (16R).

The role of the reticuloendothelial system
seeme to be important, beeause its blockade may
turn otherwize resistant animals sensitive to
Borrelia (203). When thix system war blocked
with colloidal iron in rats and mice, the adhesion
formation was slower (57). Fixed phages did not
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Tasre 2. Susceplibility of laboratory animals to borreliae
Borrelia ! Mice® Rats Guinea pigs
B. recurrentis ’Young more suscep-| Young more suscep-| Some young suscep-
tible; disease mild;| tible; diseasre mild;! tible; adults 0
| blood positive, 3-8 blood positive, 1 week
. days or longer
B. hispanica | Young more suscep-' Young very suscep-i Disease may be severe;

Crocidurae subgroup

tible; disease mild;
blood positive, 2-5
days

Young very susceptible;

long disease
B. dutton:
long disease

Old more susceptibie;

tible; disease mild; Many borreliae in blood

blood positive, 1-2
weeks

A8 in mice Usually 0

Young more suscep-
tible; long disease

Very severe disease

Old more susceptible;
long disease
As in mice

B. persica Long incubation; mild!
! infection
B. latyshevyi * Few borreliae in blood| 0 (2) 0
\  but animals sick
B. venezuelensis ! Disease mild; blood; As in mice Susceptible
i positive, 1-2 weeks |
B. mazzotlii t Disease mild; blood| A= in mice 0
| positive, 1-2 weoks
B. turicatace i Disease mild; few bor-; As in mice Only young susceptible
1 reliae in blood
B. parkeri | Disezse mild; few bor.‘| As in mice . Only young susceptible
| reliae in blood i
B. hermsi | Susceptible; variable | As in mice As in mice
i picture | !
B. brasiliensis i Disease mild; blood! As in mice ‘ As in mice
|

positive, 1-2 weeks

* Mice, especially voung, are susceptible to all borreliae. Monkeys are susceptible to practieally all

strains.

respond to live borreline, but they ingested dead
borreliage (181). Polymorphonuclear cells were
seen to take up fragments of borreliae (269), but
they do not <cem to play a role in the pathogenesis
of relapsing fever. Borreliae will adhere to them,
even if their evtoplasm has been damaged (3).
It seems that shortly hefore the erisis, borreliae
roll up and are taken up by the endothelial cells
of the spleen, liver, and bone marrow (269).
Surviving borreliae remain in these organs and
in the brain until the next relapse.

Borrelige arve probably destroyed in the body
by antibodies, not by phagoeytosis (16, 181).
In the brain, they seem to be better protected
from antibodies beesuse of the anatomy of the
bload supply (196).

‘The brain changes have been studied with the
novyi steain of B, recurrentiz in white rats (201).
Borreline were present in the eapillaries of most
parts of the brain. There were no changes in the
nerve cells, but an intense microglial - reaction
was present in the cortex, It i unknown whether
there is a relstionship between this reaction and
the strong nearotropism of some (e, B. persica)
and the weak neurotropism of other (e, B.
turicatae) strains,

While ervthrolysis is not observed in routine
tissue preparations, Robertson  (243) proved
that all laboratory animals successfully infected
with borrelise show an anemia which is essentially
microeytic and  hyperchromic with a strong
reticuloeyte response.

Of the sensory organs, the eves suffer most
frequently. Inoculating the eves of rabbits wax
proposed by Blane et al. (39) for the differential
dingnosis of Borrelia strains. In his experiments,
B. nspanica produced lesions similae to syphilitis
keratitis; B. duttontt and B. merionesi gave a
different  histological  picture.  Moreover, B.
duglontt caused o strong loeal reaction. Un-
fortunately. only few Borrelin strains were used
in these experiments.

Indeed, the data on the relationship of cellular
response and  immunology  in borreligsis - are
meager.

IMMuNoLoay
Agglutinina

Rera  prepared  against  Borrelia,  ospecially
when used in lower dilutions, have a tendeney
10 give cross-reactions net anly with other Bor-
relia speeies bat also with Treponema (2W).
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Hindle (15%, 159) called attention to the com-
plexity of the agglutinating antigens and con-
sidered this test technically difficult. Autoag-
glutination of borreliae is common, and is often
seen in the blood of man and monkeys during
discase,

Stein  (268), however, achieved satisfactory
results with B. recurrentis by use of saponin-
treated rat blood in maeroscopic agglutination
tests, Adler and Ashbel (3) found significant
agelutinating antibody levels in rats infected with
B. persica after the attacks. Balteanu et al. (32)
studied agglutinin titers in man aml observed
that they rise after attacks, reaching their maxi-
mum during convalescence,

Because of the inahility of Borrelia to grow in
artificial media and the difficulties involved in
their separation from blood, animal organs, or
irom the fluids of the developing chick embryo,
it eannot be expected that the study of Borrelia
with the aid of the classic agglutination test will
achieve any degree of popularity,

Adhesion Phenomenon

Hindle (159) and Schubardt (254) surveyed the
literature on the adhesion phenomenon, Little
adhesion is observed during the early stages of
infeciion  but the phenomenon becomes in-
cregsingly spparent as the disease progresses,
Adhesion is observed in animals and man just
Lefore the end of the attack, when borrelige are
ready to disappear. It is followed by fragmenta-
tion of the infective organisms. The adhesion
test is feasible also when only a few borreliae are
present in the blood. Mooser (211) found that,
in the adhesion phenomenon, borreliae form
aggregates or cling to red and white blood cells,
to slides, cover slips, and to bacteria like Fscheri-
chia coli added 10 the blood. If red blood cells are
treated with homologous anti-red blood coll sera,
there will be no adhesion of borreliae to red blosd
cells. Adler and Ashbel (3) saw borreliae clinging
to the nuelei of leukoeytes, but only after the
protoplasm of the white blood corpuscles was
destroved,

The tecimique of the adhesion test consists of
mixing fresh serum with an equal amount of a
suspension of horrelige and of an K. coli sus-
pension, inenbation for 20 min at 30 ¢, and
reading the resuit with dark-field illumination.
I old crum i used, the addition of complement
is preessry. This test was developed before more
modern techniques for such reactions, eg, the
ue of red blomd eells, were introduced, The
adhesion test is no longer used for diggnostie
work beeanse of it variations in patients,

Complement Fization

Fidmann et al. (112) prepared antigens from
rat blood and used them against human and
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mouse sera in complement-fixation  tests. B,
Inspanica was the test organism. Only low anti-
bady levels were observed with 1:10 and 1:80
dilutions of the antigen. Stein (268%) achieved
satisfactory results by use of the saponin-treated
blood of rats infeeted with B. recurrentis or B.
hermsii, containing at least 80 borreline per oil
immersion field. Wolstenhome and Gear (294)
inoculated B. duttonii into 7-day-old chick
embryos through the air sac with 0.4 ml of heart
blood of experimentally infected mice, After 1
week at 37 (', the chorioallantoic vessels were
opened and allowed to bleed into the allantoie
fluid; 0.1 ml of this mixture was used for further
cgg inoculations, After 10 weekly passages,
phenol-saline was added, and, after centrifuga-
tion, was used as the antigen in dilutions of 1:25
and 1:100. Positive reactions with the first of
these dilutions  were  considered  diagnostie,
Syphilitie sera did not give positive reactions
with this antigen, but typhus sera did. This test
is seldom used in diagnostic laboratories be-
cause of the difficulties encountered in the prepa-
ration of antigens from some borreliae which are
not easily adapted to developing chick embryos.

Borrelioctdal Antibodies

The borreliocidal setivity seems to be identical
with anti-Borrelia evtolysin (114). Belezki and
Umanskaya (35) believed that thix antibody is
most important in the defense against Borrelia.

Arbont () found that B. duttonit survived in
the presence of normal guinea pig, rabbit, pigeon,
fowl, and horse sera. It was killed by normal
cattle, goat, and sheep sera. Sera from pigs gave
divergent resuits, This effect disappearved after
the inactivation of the sera. Oag (226) observed
that the blood or the serum of nice, fowl, and
iowl etabeyos destroyed B. dubtonii in vitro, but
only the blood or the serum of fowl killed this
organism in vivo,

Balteanu ot al. (32) found high lysin titers
after attacks in man, espeeially in convaleseents,
Ballif et al. (17a) examined 3,700 human sera.
The highest titers, to 1:20,000, were olwerved
during the crisis of the first attack. The lysins
were found 10 months and even longer after the
beginning of the disease. Ballif et al. found the
lysins to be relatively stable in vitro but observed
that treatment of the patients interfered with
their formation. Phixter (232) verified thic in
experiments with B, hizpanica. The sern of
patients and guinea pigs showed lysins for sweveral
months, but the results were inconsistent and
contld not he utilized for a retrospeetive dingnosis,

Lysin-fast straine may develop (59, 272).
Perhape borreliae form an antily<in during their
sojourn in the hady (272). Lysin and antilyxin
uidergo con<iderable variations during relapeas,
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The usual method of testing for lysins ix to
mix serum and borreliae, incubate at 37 (' for
2 hr, and observe the result under a microscope.
1t ix possible to set up the test directly on slides.

Immobnilizines

The immobilizing antibody does not represent
a large molecule, because it could not be sedi-
mented by centrifugation at 80,000 rev/min
(194). According to Calabri (61), it is related to
the 8- and y-globulins,

Immobilizines may or may not be related to
lysine (254). Levaditi et al. (194, 195) proved
that man, mice, rats, and guinea pigs possess
immobilizines for a long time after infection.
They appear in the mouse blood even while live
organisms are still present in the brain of the
animal. B. duftonii recovered from the brain,
spleen, and blood of experimental animals during
the latent phase of the infection was resistant to
immobilizines. This resistance was not lost in
several animal transfers. Levaditi et al. stated
that this resistance develops under the action of
antibodies on the Borrelia and that 1t ix similar
to the immobilizine observed in Treponema
infections. Ranque et al. (243) expressed a similar
opinion.

Vaisman and Hamelin (276) studied immobili-
gines against B. duttonii and B. hispanira. They
observed that immobilisines were highly strain-
specific. Thix was confirmed in our experiments
with B. parkeri and B. luricetae (Felsenfeld,
unpublished dala).

Lysins and immobilizines seem  to  present
valuable toolx in Borrelia xtudies because of their
strain and relapse-variant specificity. They are
probably the most important antibodiex which
modify borreliae in animals and eliminate them
from the body.

Cross-Prolectron Tests

Beek (34), Jobnstone (167), and Schuhardt
{254) reviewed the difficultiex encountered in the
evaluation of animal-protection tests in Borrelia
infections. Immunity to one strain of a Borrelin
species dors not convey resistance against another
strain of the same species in many instanees,
Dubois (110), for example, found three imnino-
logically different B. dullomii strsins within an
arca of & few square wiles in Ruanda. Similar
obrervations were made in Iran with B. persica
(239). Colas-Releour (81) reported that mice pro-
tectedd agminst reinfoction with the same strain
were only slightly refractory to other steains of
the same species of Borrelia belonging to the
erocidunse subgroup. Of three B, furicalae strains,
only two showed enes:protection (176), Nix B,
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duttonii strains collected in Tanganyika dis-
played little cross-immunity. Mice infected with
the strain marked “B"” were refractile to strains
“C” and “D,” but not vice versa. Geigy and
Burgdorfer called this phenomenon a ‘“‘one-sided
immunity,” probably a type of premunity (133).
Similar observations were made by Addamiano
and Babudieri in Jordan (2), using two strains,
Irbid and Husu. They called the phenomenon an
“avymmetric¢ immunityv.” On the other hand, the
Kenya type of B. recurrentis gave cross-protec-
tion in bushbabies against B. dulfonit but not
regularly in monkeys (128), showing overlapping
cross-immunity between representatives of two
Borrelia species. The novyi strain of B. recurrentis,
and B. dultonii, however, were shown to differ
from the turee Californian Borrelia types by this
test (83).

Schuhardt (254) concluded that reciprocal
immunity is not always the rule and that even
the vanants of a single strain collectiv! from the
same patient at different relapsex do not show
complete cross-protection.

Because of thexe difficultiex, the cytolysin test
and the interpretation of the Pfeiffer phenomenon
are often preferred for establishing the presence
of cross-immunity.

Relapse Strains and Phase Variation

Druring the first attack of relapsing fever, man
and animal: develop a relative immunity against
the infective agent. This immunity may be only
of short duration (1). At the xame time, some
characteristics of the causative Borrelia may he
changed under the influence of the antibodies
produced against them, and so-called relapee
straine develop (248, 249). These phenomena
have been discussed at length by Hindle (159,
160), Johnstone (167), Russell (249), Schuhardt
(254), and Ntavitsky (267).

According to Burrows (50), relapee strains
occur beenuse of the antigenic instability of
Borrelia. Relapee »trains of Borrelia acquire
divergent  immunobiological reactions  which
may remain fixed when they are trunsmitted
from one animal spreies to another but as a rule
disappear in the insect veetor (10). Relajwe
stenins sevm to be limited in ihe extent of theie
variability but usually develop speeific individual
characteristics. Pasage through animals mey
change their serological properties but at the
endl all final relnpee strains react in the «ame or
in closely similar ways (i67). It scoms that in
relaping fever one deals with a cvelical disease
due to a evelical agent. This hokds teue sl for
trvpanisomata whick behave like borreliae in
many respects,
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The plasma collected during the erisis of an
attack contains antibodizs  which delay the
development of horrelemia when the plasma is
injected together with Borreiia into other animals
(61). Thi~ activity is not destroyed by preserving
the plasxma at 4 C for 4 days. If the relape is
terminated artificially, by the use of a drug,
unusual variations in the antibodies and in the
Borrelia may be ohserved.

The virulence of the relapse strains ix fre-
gquently lower than that of the original strain
(175). Virulence, however, is a relative attribute.
Experimenting in mice and with B. recurrentis,
Kroé (182) found that strains of high virulence
and good immunising cualities produced an
acute infection, whereas those with low virulence
gave rise to recurring attacks, Apparently the
faster formation of antibodies in infections with
organisms carrving more effective antigens
terminates the di<ease more rapidly.

Schubardt and Wilkerson (255) saw multiple
Borrelia variants developing in rats infected
with B. turicalae, even after injecting only one
single Borrelia organism. Thus, relapse is an
immunological phenomenon resulting from the
inherent capacity of the Borrelia to undergo
antigenic variations.

The number of antigenic varants differs from
strain to strain. Cunningham (89) described a
variation of the carteri strain of B. recurrentis
from a phase called “A” to another «alled “B”
with a tendency to revere. Later ke and his
co-workers (90, 91) found additional phases snd
concluded that phase A appears in the first
attacks, phase B in the first relapwes, and phase ('
irregularly but mostly in the second relapse. D
to H were found in the second relapse and | in
the finst relapee. A, B, 1), and E seemed stable
and definite; F wax rare, persinting through many
pamages but uwually supplanted by B, G was
related to A; C, D, and E, to B, In man, mastly
A and B were found. H and | were recovered
from prolonged attacks, usually together with B.
Phase variation was olwerved aba in ticks, \s
many ax nine Borrelia vaniants were found in a
single tick (90). Meleney (207) reported  «ix
antigenic Borrclin variants in rats when studying
the Chinewe strain of B. recurrentie. Ruweell
(248), experimenting with Cricelomys ganidianws,
olmervivl phases A and 1B, later abo C. Ninee
immune hidies were transferred from animal to
animal duning the inoculations, she cotwidenyd
it neceseary to collect strains in the bvgpnning of
the relajres when therr is e antibedy activity.
Borrelin ~trains could readapt themwelves anti-
genically wveral tines bt the number of e
adapted ormanisms was limiterd in these expen-
ettt

BORRELIAE AND RELAPSING FEVER 63

"The antigenic schedules uggested by Cunning-
ham et al. (980, 91) did not gain popularity,
hecause there are differences in the immunological
aspects of each individual Borrelia strain.

Reinfection

The literature contains reports concerning
surprisingly short periods of immunity in man.
Nimmons (260) stated that reinfection can take
place in 2 months; others (202) said tha: thix
may happen in 40 days to 6 months, Apparently,
a revaluation of recurrence versus reinfection ix
dexirable also in relapeing fever (115).

In areas where relapsing fever is ( ademie, the
divease i usually more severe in newcomers
(191, 284) because of the early experience of the
local inhabitants with borrelise, but little is
known about the immunological rexponses in
such populations.

Immupity in animals seems to last relatively
long. In guinea pigz, for example, premunity for
2 vears was observed (256). On the other hand,
hooded monkeys could be reinfected with the
Tripolitan strain »f B. Aispanica after only 6 to
9 monthx (221,. Superinfections in nonimmune
animals gave interesting results. When hamsters
and Rhesus monkeys infected with B. recurrentia
were superinfected with the Chinexe strain of
B. recurrentis, the monkeys did not respond at
all and the hamsters developed only mild in-
fections (75). When mice infected with B. dut-
tonii were seperinfected with B. crocidurar and
B. hispanica simultancously, the period of circu-
lation of the borreliae in the blood wax prolonged,
but there wax no change in the coure of the in-
fection (172).

Clearly, much additional information ix needesd
in thix fiekl.

Hrreditary I mmunily

Novhira (224) showed that the ofispring of
female rats immune aminst the Manchunan
strain ol 8. recurrentia were immune for shout
80 daye against the sanw strain. Nohira claimed
that the antitiddies were transforred  through
the placenta. !} » woman becumes il with e
lapwing fever during pregnancy, however, abor.
tiod termitates the life of the fetus. Antitandies
were found in the milk (24%). No further data
are available on this important poblen,

Interference
B. reeurreatia o’ . hiapansea disd not interfeer
with Spindlem minus infectioms in rats (199,
8.
Trsts uedd for the disgnoeis of syphilis may
tecome pinitive during relapeang  fover. The
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Wassermann resetion was positive in 30¢, of
the patients in China (71) and in one case in the
United Statex (216), but it appeared to be posi-
tive only for a short period (244). The Kahn
reaction was positive in 15, of patients in China
(71), transiently positive in 4 of 24 cnses in
Cyprus (107), and negative in sick persons in
Kenya (12%).

When B. recurrentis was injectexd into mice
harhoring  Leplospira  iclerohaemorrhagiae, the
course of the infection did not differ from that
olwerved after the injection of B. recurrentis
alone into healthy mice (114),

B. duttoni didd not alter the course of coxsackie
B virus infeetion in mice (192) nor that of Rickelt-
sia (Corietla) hurnetii in guinen pige (38).

R. burnetit did not interfere with B. hixpanica
infeetion in rats (199).

The relationship of borrelise to typhus fever
is an interesting problent. In man, agglutination
tests with OXK antigens were positive in re-
lapsing fever to high titers in Afriea, but with
OX19in only a few instances (170, 296),

It ix not known whether borreliae interfere
with rickettsiae in the louse. Observations during
World War | showed that epidemivs casad by
these agents inerease simultancously  bat  de-
crease separately (65). In an outbreak in Addis
Ababa (170), cpidemic relapming fever  disap-
nearvd sooner than typhus, In Yugoelavia, after
\Woorkd War H, relapsing fever was mone contmon
i ocalities where epidemie typhus was rare (238).
Perbaps the various Horrelin amd R. prownzeki
strains have different influencs on vach other,

A chee melationship between borreline and
somiee tissie atkd blid protazea has been reportsd.

Borrelin micctions activated clinieally  Iatem
Leishmania donovani infections in man (7).

Travtmann 250 was the firat to experiment
with Trypanosoma amd Boerelin i the sanw
animal. Rabbit ~«crum agninst 8. dulions -
malitlims hut does ot agglutinate T bruces anl
Vier Ve,

B. crocidurme awl B. dottonss «xtemmbisd the B
span of mive inoculated with T gombirnse (187).
B. haponir: was ks offevctive than B dultonis
i mive infeeted with T rhadesiense (1050

Inten~ting  chronologival  olwsvations  wene
mak: by Vinwent (509, When T, somadicnw
was iwwulateed inte white mwe tog ther with
Horrelin, the wnculminn imw was th - sanw as
ahen cavh onganim was piministensl oya.
rately, ie, 3 dave for Borrviea amel 2 10 5 dava for
Trypunosoms. The inpamenmata  mnbtiplis
showly, aml the animals dul pot dhe in 3o 9dare,
a« vweual, bat iy panesesmala greathy devtrased
from the Tth day on. Then el incrnvasd
n numbwr aml this miection levanwe petusleal.
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Miter that, trypunosomata appeared in greater
niumbers and the animals died in 30 0 40 days.

Carminati (67) experimented with three strains
of Trypanosomu and B. dultonii. B. dultonii
retarded T, bruccr, T. gambiense, and T, equi-
perdum infections in mice. Interference oecurned
only when large numbers of Borrelia cireulated
in the blond. 2.3-Dimereaptoprupanel, dexstrose,
vitwmin C, and eviochrome did not affect this
antagonism.  There were no anti-Trypanosoma
antiluxlies in the ~erm of animals treated with
B. duttonii alone. In animals  infectnd  with
Borrelin, loesser susceptibility o Trypanosoma
wis noterd also after the Borrelin disappeared
from the bl

The mechanisin of the interference of Borrelia
with Trypanosoma is not well understomd as vet,
These genera are biologieally related. Sinee some
borreline, like B. persica, do not WJisplay imter-
terenee, 1t is diffieult 10 aceept the theory that
this is merely the result of a genetie relstionship
tetween Borrelia and Trypanosoma. Vineent's
theary (279) that macrophage participation i~
the cause of interferenee is not bome owt by the
histological  findings seen in buth  infections,
Rinee the biochemistry of Borrelia and Trypano-
some antigens amd antibodies has not been worked
ot completely as vet, one may hope that o
better understanding of the problem will re-uht
from such stlies.

Galliard et al. (12 utihzsd the phenotuenon
of antagenism for the differcutiation of tiek-
borne borreline. They recommetded that miee I
infectnd with,  the unknown  or  unisdentifiesd
Borrelia »iram; then, at the height of the it
attack, that T, ivoeer be injeeted, Homiee survive
for a long Gme, amd i some even appear (o b
cared, the unkewn train may Ya: B dulloni,
B. warrats, B, nwrionesi, or B, ceoviduroe. 1§
there s o protection aml the miee e within |
werk, the orgniictn nay tee B kispanics or B
penisea. H there are varable reaults, B taricata
hias o le considensd,

The obmervations of Galhanl et sl ane inter
s~ting also frien the geactic point of yiew, i
taarelior ane adaptisl e their ek vevton, the
jumatble relatunehip beteorn the atlegeews o
meects sl thee T brwres inhilating activity ol
the nespaetine Borredmt sraine may b
further stiply

Therapewdse Nern and Vacvines

The s of ronvak<ent «ra i the Inatnwnt
of ndgpeing feavr was reovmmensind e Sergent
256 Ralteanu vt 3l 3D mrpeortend challe aned
rven oollagee o aleat T30, of ther patwnts
treated aith awh <3 When the wrium was
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administered intramuxcularly, the reaction zas
lss violent. These authors believed that it i« a
Herxheimer type of reaction, due 1o the sudden
disintegration of the borreline.

Sergent (236) abo reviewed the problem of
vacvination against Borrelia and concluded that
neither heat-Kithed nor bile vaceines are effective.
Heatkitled  vaceines protect only  against in-
feetions with the strain from which they were
prepared. Lysins  develop in the  vaccinated
animals, which become refractile 1o small intea-
cutaneotls doses of the homologous strain,

Pracricat. LaBorarory iauNosis

The laboratory diagnosis of Borreha in human
infections is hampensd by the paucity of the
organisms in the blood stream in somwe ty s of
relapsing fever, wspecially in children. Borneliae
disappear from the circulation or their number
preatly diminishes shortly before the erisis. Ths,
imoculation of young mice with bld or spinai
fluid, or buth, may be the only means of themon-
strating them (43).

For stainicg of thin and thick ~mears, the
Girmsa stain with geatle beating for 4 10 3 min
i~ the most convenient methed, or the Wiight
»tain with a sulwequent <hort 1 o H) )
staining with 1, crystal violet can e ool

Xenodiagnosis was suggested a~ 8 Inboraton
metheud, but it gave unrehiable neults (23

The determination of Ivtic and immobilizis
antibendie~ may e belpiul but ditticabt o -
terpret in nelapeas,

SUMMARY

- Borreliw causing relar sing fever can b divisked
nto Jouse-borne amed tek-borme groupe. The
rvatunietnhsd  classification o the  <trains s
aceording o their spavibe anthngeel  veetors,

Morphalogically, the <pweus do not differ from

vach  other. latthe » kmewn  abesut  thear
awtaboliem,  Culture nwtheste ane w0l <ate
tactiry tor the propagaten of bwrvhae. They
grow an hevedopang chich embavis b ane
vasly mlaptidd to this int i g range culti
vatem,

A vonssleralide pumber of sewntife cyyernments
have been ieported i the terature conevening
the artifwal estabdichnwnt i bnrrchae 10 et
speeirs cther than thiee n whrh the neepectine
strains are varest in nature Sowy many authors
wesd dhfferent tevhnigues aml wirkend with ela.
taely fem drmame, the reults ane cmiganz 1t
wvrms, hewerer, that b bewae basireline remam
ted bewnee, aml pethage only evecpdeaalh b
o bars bowne amd epebrmise  Hoerchiae, o
erf. wvm o have ingmated aned deuchged
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with ticks, and to have invaded small mammal-
and become Bamanotropic only after o long
period of aduptation. Their propagation sl
geographic distribation depend on the biokgy
of their vevtors, Animal rservoies do pot seem
t play ~o large a role in the epidemiology of
relspeing fever as was believesd in past deeades,

Immunological <tudies of  Borrelin  reveshind
the importance of immobilizing amnl Ivtie ani-
budies. There are extensive phase varintions amd
mutations in infevted snimals aml man, vielling
so-collel relapme straine. This further hanmpners
the classification of the isolated types.

The practical laboratory dingnosis is based on
mouse iculation and on bhesd-ciear studies,
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